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Introduction
In vivo functional studies of neurons to date have either relied on population characteristics (e.g. LTP phenomenon) or reflect signal integration at the level of the cell body (e.g. sharp electrode studies; calcium imaging). However, much signal integration occurs at the level of the dendritic segment, yet this cell compartment is difficult to interrogate using physical methods. We report herein an optical method designed to detect activity levels in individual dendritic segments, as a first step towards higher resolution mapping of structure-function relationships in intact neural systems, and as a means of exploring the functional consequences of local pathological changes. The probe design is based on the observation that some messenger RNA's are translocated to the dendrite and locally translated in an activity dependent fashion. One of the best characterized of these is calcium/calmodulin-dependent kinase II (CAMKIIα), whose protein is highly enriched at synapses, is regulated by neural activity, and is important in synaptic plasticity, learning and memory (Mayford et al., 1996) . The 3' and 5' untranslated region (UTR) of CAMKIIα encode sequences that direct translocation to the dendrite and prevent translation unless the neuron is active (Mori et al., 2000) . Compelling evidence from cell culture experiments support the hypothesis that new protein synthesis can appear in dendrites after a given stimulus (Aakalu et al., 2001; Sutton et al., 2004; Smith et al., 2005) , but this has not been examined in the intact brain.
In order to establish methodology whereby the function of an individual dendrite can be evaluated we used a neuronal activity reporter in which the coding sequence of Venus is flanked by 5' and truncated 3' UTRs of CAMKIIα. A CAMKIIα UTR Venus adeno associated virus (AAV) was used to examine in vivo whether its synthesis in neurons and especially dendrites change in response to environmental enrichment. We found increased Venus expression after environmental stimulation, supporting the idea that the probe reflects in vivo neural system activation.
In Alzheimer Disease (AD) as well as in transgenic animal models of AD pathology, amyloid β (Aβ)-containing plaques are fibrillar deposits scattered throughout the neuropil in the cortex. Morphological studies have suggested that amyloid plaques disrupt neural systems by leading to abnormal axonal sprouting (Cotman et al., 1990; Phinney et al., 1999) and by distortion of the dendritic tree (Knowles et al., 1999; Le et al., 2001 ), yet the functional significance of these changes is unknown. By contrast, recent studies have challenged the idea that plaques are pathophysiological (Shankar et al 2008) , and have even led to the suggestion that they are protective as a depot of otherwise more toxic soluble species of Aβ. We used the CAMKIIα Venus reporter to test the hypothesis that plaques focally disrupt neural system function in the cortex. In the setting of microscopic amyloid plaque lesions in APP/PS1 transgenic mice, the reporter revealed diminished baseline activity and diminished response to environmental enrichment in dendritic segments closest to the amyloid deposits. Our results indicate that neuronal activity is decreased in neurons of these transgenic mice and that their functional neuronal response to environmental stimulation is diminished in the vicinity of plaques.
Material and Methods

Cell culture
Primary neuronal cell cultures were prepared from mixed cortical-hippocampal neurons generated from CD1 mice at embryonic day 15-16. Cells were plated on poly-D-lysine-coated coverslipped 35-mm dishes (MatTek Cultureware, Ashland, MA) in Neurobasal media (Invitrogen) containing 10% fetal bovine serum. The neurons were maintained and allowed to mature in Neurobasal media containing 2% B27 supplement (Invitrogen) for 6-12 days before use. 1 week after plating the neurons they were transfected either with the pcDNA3.1-CAMKIIα-5'UTR-myr.eGFP-3'UTR, pcDNA3.1-CAMKIIα-5'UTR-myr.Venus-3'UTR construct or with pcDNA3.1-CAMKIIα-5'UTR-myr. Venus construct using lipofectamin2000 (Invitrogen) according to manufacturer's protocol. 48 hours post-transfection, dishes were exposed either to BDNF (50 ng/ml) or left in their original media and 2-4 neurons were imaged per experiment with a Zeiss LSM510 Meta confocal microscope every 15 minutes up to 75 minutes. Cells were observed at 63x for quantification of pixel intensity. In all cell culture experiments, identical acquisition parameters and settings were used for both control and BDNF treated neurons on a given experimental day. During the experiments, cultured neurons were maintained at 37°C and 5% CO 2 level over the entire 75 minutes duration of the experiment. Fluorescence intensity of manually outlined cell bodies and neurites was measured as a function of time. The intensity was further calculated by dividing the intensity at a given time point by the intensity at time point 0 (baseline level of time point 0 was set as 1). Statistical differences in reporter expression between groups were assessed by analysis of variance (ANOVA) in the StatView program (SAS Institute, Inc, Cary, NC) followed by Fisher's LSD post hoc tests. The level of significance was set at p≤ 0.05.
Constructs-The
CAMKIIα-5'UTR-myr.EGFP-3'UTR construct was a kind gift from Dr. Erin Schuman (Aakalu et al., 2001 ) and the sequence was verified using standard sequencing procedures. We first cloned Venus into the position of EGFP. The Venus fragment was created using the following PCR primers: 5'-ctagtctagagtgagcaagggcgaggagc-3' (forward primer) and 5'-ttttccttttgcggccgcgaattcctacttgtacagctcgtc-3' (reverse primer) and Venus was then digested with XbaI and EcoRI and ligated into the CAMKIIα-5'UTR-myr. EGFP-3'UTR construct with XbaI and NotI. To generate CAMKIIα-5'UTR-myr. Venus the above construct was digested with NotI and ApaI to excise the 3'UTR and the vector was religated using Klenow fragment and blunt end ligation.
Virus production
AAV (serotype 8) was generated using plasmid triple-transfection of the AAV vector plasmid, packaging (encoding rep and cap genes), and adenovirus miniplasmid into HEK293A cells. Viral particles were purified by iodixanol gradient. Concentrated virus was isolated and titered by dot blot hybridization yielding 6.1×10 12 particles/ml (virus was kindly provided by the Harvard Gene Therapy Initiative, Harvard Medical School).
Animals and surgical procedures
APPswe/PS1d9 transgenic mice at 9-11 months of age (APP/PS1; obtained from Jackson lab, Bar Harbor, Maine) and nontransgenic control mice were used in this study (8 transgenic, 8 controls) (Jankowsky et al., 2004) . APP/PS1 mice start to develop plaques in the neocortex between 5 and 7 months of age. All animal work conformed to NIH and institutional guidelines. For intracortical injections of adeno-associated virus (AAV) containing the gene for Venus, mice were anesthetized with avertin (1.3% 2,2,2-tribromethanol, 0.8%tert-pentylalcohol; 250 mg/kg) and placed in a stereotaxic apparatus. The surgical site was sterilized with betadyne and isopropyl alcohol, and an incision was made in the scalp along the midline. Burr holes were drilled in the scull 1mm lateral to bregma bilaterally. Using a Hamilton syringe, 3 µl of virus was injected 1 mm deep at a rate of 0.2 µl/min. After the injection, the scalp was sutured, and the mouse recovered from anesthesia on a heating pad.
After a 3 weeks incubation period to allow expression of Venus in neurons, half of the mice (n=4 per group) were assigned to novel environment exploration without showing any signs of motor deficits and behavioral differences between transgenic and nontransgenic mice. These mice were transferred to a new cage containing 3 objects and allowed to explore the new environment for 30 minutes before they went back to their home cages for 20 minutes before they were euthanized with an overdose of avertin (400 mg/kg), transcardially perfused with ice cold PBS and 4% PFA and the brains fixed in 4% paraformaldehyde in phosphate buffer with 15% glycerol cryoprotectant.
Immunohistochemistry
The brains were frozen and 30 µm-thick serial coronal sections were cut on a freezing sliding microtome. Sections were immunostained with the polyclonal antibody against GFP (ab 6556, 1:5000; Abcam) followed by secondary anti-rabbit conjugated to Alexa 488 (Molecular Probes). Images were acquired using a Zeiss LSM510 Meta laser scanning confocal microscope equipped with a 488nm argon laser and 543 helium/neon laser and a 720-930nm chameleon mode locked ti/saph laser. All images were acquired in 1 µm sections, and z-series were set to span the entire neuronal volume. Image analysis was conducted on z-compressed image stacks. Contrast and intensity parameters were kept constant across all image acquisitions. By necessity, some soma and proximal dendrites had saturated image intensity to allow visualization of the entire dendritic tree. This saturation effect will underestimate any observed effects of genotype or enrichment. For cortical postmortem intensity measurements 20 images of fields of Venus infected neurons were taken per animal and fluorescence intensity was measured using Adobe Photoshop 7 software (Adobe, San Jose, CA). Adobe Photoshop was used to convert the average GFP/Venus fluorescence of each neuron to average pixel intensity. Data were expressed as mean ± standard deviation from the mean. Group means were compared using Student T-test or analysis of variance (ANOVA) in the StatView program (SAS Institute, Inc, Cary, NC). The level of significance was set at p≤ 0.05.
Results
Neuronal activity can be measured via dendritic protein synthesis in cultured neurons
In order to measure neuronal activity in living neurons, we used a green fluorescent protein (GFP) reporter in which the coding sequence is flanked by the 5' and 3' untranslated regions of CAMKIIα (Aakalu et al., 2001) . Previous work has shown that the 3'and 5' UTR of the CAMKIIα mRNA contains information sufficient for its dendritic localization (Mayford et al., 1996; Mori et al., 2000) and that BDNF stimulates protein synthesis especially in dendrites (Aakalu et al., 2001) . In an initial experiment we transfected primary neurons with the GFP reporter and measured fluorescent intensity over time after BDNF application to the media. In most untreated neurons expression of the reporter was relatively weak in the cell body and neurites (Fig. 1a) . However, neurons that were exposed to BDNF exhibited an increase in GFP synthesis that was evident in both the cell body and the neurites within tens of minutes, confirming previously published work (Aakalu et al., 2001) (Fig. 1b,c) . The presence or absence of a myristoylation site did not alter these effects (data not shown). In an effort to enhance the signal for in vivo experiments in the mouse brain we replaced GFP by Venus and sequentially decreased the size of the 3'UTR from 3100 bp to 420 bp. Venus is a variant of YFP and the brightest yellow variant to date (Nagai et al., 2002) . A small (420 bp) 3' UTR containing construct still responded to BDNF treatment (Fig. 1g,h ) and was small enough to be efficiently packaged into AAV. As expected, untreated control neurons remained stable (Fig. 1d,e ) but BDNF treated neurons had significantly higher intensity in cell bodies and neurites already evident after 30 minutes of BDNF exposure (Fig. 1f,i) .
To further characterize and determine the necessity of the 3'UTR in directing protein synthesis to the dendrites in an activity dependent manner we generated another construct completely missing the 3'UTR. In contrast to the above-mentioned effect of BDNF on transfected neurons those neurons were unresponsive and did not differ from untreated control neurons (supplemental Fig. 1) showing that the 3'UTR of CAMKIIα is a critical element in activity dependent neuronal protein synthesis.
Neurons from APP/PS1 mice have decreased neuronal activity and are unaffected by environmental stimulation
We next generated a 3' UTR CAMKIIαVenus 5' UTR AAV and performed intracortical injections into the somatosensory cortex of adult APP/PS1 and wildtype mice. APP/PS1 mice, a transgenic model of Alzheimer's disease, overexpress mutant human APP and PS1, leading to the robust deposition of amyloid-β plaques. After an incubation time of 3 weeks that allowed viral transduction of neurons, half of the mice explored a new enriched environment for 30 minutes before the brains were analyzed postmortem by immunostaining to label Venus expressing neurons. Similar injection of 3' UTR CAMKIIα Venus 5' UTR AAV under identical conditions surprisingly led to decreased neuronal Venus fluorescence intensity in the vicinity of plaques when compared to wildtype neurons (Fig. 2 a,e) . Moreover, neuronal cell bodies distant (>100 µm) from plaques were clearly brighter (p<0.0001, Fig. 2 c,g,h ) . This effect was also observed, perhaps even more dramatically, in individual dendritic segments near a plaque. Dendritic segments closest to a plaque were substantially dimmer than adjacent segments on either side (p<0.0001, Fig. 3 a-c) . Based on this finding we also tested whether the reporter would show a response if the transgenic mice were allowed to explore an enriched environment. In contrast to wildtype mice, neurons from APP/PS1 transgenic mice near plaques remained unaltered after environmental enrichment (Fig. 2b,g,h) , whereas cell bodies distant from a plaque (>100 µm away) have a detectable response to environmental stimulation (Fig. 2d,g ). Thus our data indicate that neurons in the vicinity of plaques have diminished neuronal function and are unresponsive to environmental stimulation, in contrast to neurons from the same mouse that are distant from a plaque, or, most obviously, from nontransgenic mice.
Discussion
In the current study, we re-engineered a reporter molecule previously shown to respond to BDNF application in primary neuronal culture to initially test the hypothesis that dendritic mRNA transport and local translation occur after behaviorally relevant stimuli in vivo. The 3' and 5' UTR of CAMKIIα encodes sequences that direct translocation to the dendrite and direct local translation (Aakalu et al., 2001; Sutton et al., 2004; Smith et al., 2005) . In initial experiments we found that the proximal 420 bp of the 3' UTR contains sequences that are critical for activity dependent protein synthesis.
Alzheimer's disease is a neurodegenerative disorder that is characterized by severe memory impairment due, in part, to synaptic dysfunction. Amyloid plaques are deposited throughout the cortex, but the role of plaques in neurodegeneration and in neural system function is uncertain, and has recently been challenged by the idea that soluble forms of amyloid-β, rather than plaques, are the toxic species since soluble oligomers are sufficient to induce deficits in LTP and behavior in rodent models (Shankar et al., 2008) . By contrast, plaques are associated with inflammatory responses, neuronal morphological alterations, and disturbances in local calcium homeostasis (D'Amore et al., 2003; Spires et al., 2005; Busche et al., 2008; Kuchibhotla et al., 2008; Meyer-Luehmann et al., 2008) . We utilized the CAMKIIα UTR Venus AAV to test the hypothesis that plaques would be associated with dysfunction of neural system integration after behaviorally relevant stimuli at the level of the dendritic segment and cell body. Surprisingly, we found only very limited neuronal Venus expression in plaque bearing APP/ PS1 transgenic mice in contrast to the robust fluorescence in wildtype neurons. Neurons and dendrites distant from a plaque in the APP/PS1 cortex showed higher levels of the Venus reporter, arguing for a plaque specific effect on the microenvironment near an amyloid deposit. Our data argue that reduced reporter synthesis occurs in transgenic neurons as a result of diminished activation near plaques, rather than due to technical issues of reporter expression in transgenic animals, since (1) analysis showed that the least fluorescence intensity in transgenic dendrites occurs in the vicinity of plaques, so that the portion of the dendrite closest to the plaque has less Venus than the average of the segments proximal and distal to the plaque of the same dendrite; (2) neurons whose cell bodies are close to plaques have diminished reporter expression compared to neurons in the same mice only a 100 µm away, but distant from a plaque and (3) a differential response to environmental enrichment was observed in neurons close to or far from plaques.
APP transgenic mice show reduced expression of Arc and other immediate early genes known to be activity dependent (Dickey et al., 2004; Palop et al., 2005) . We observed that environmental enrichment induced a stimulation of local dendritic reporter synthesis in the somatosensory cortex in wildtype mice. Although transgenic mice likewise explored the enriched environment, neurons and isolated dendritic segments near plaques failed to respond upon behavioral stimulation. The deficit in activation specifically in dendritic segments likely leads to impaired integration of somatosensory signaling, impaired reporter activity in the cell bodies and failure of broader neural system function as the impairment in dendritic integration plays out throughout the arborizations associated with these dendritic elements.
In summary, our data show that 1) mRNA translocates into dendrites and can be translated there in response to physiologic stimuli in vivo; 2) that this property can be utilized to monitor neural activity within individual dendritic segments, opening a new level of structure-function relationships to understand signal integration properties on a subcellular basis; 3) this tool also allowed us to explore the consequences of amyloid-β deposits on neural system function in a mouse model of Alzheimer disease. Amyloid plaques appear to be a focal lesion, around which there is impaired response, suggesting that plaques (and potentially elevated Aβ soluble species in equilibrium near plaques (Koffie et al., 2009) ) directly impact neurons' response to physiological stimuli. Taken together with recent observations showing alteration of neuronal calcium homeostasis near plaques, the presence of morphological axonal and dendritic alterations and dendritic spine loss specifically near plaques (D'Amore et al., 2003; Spires et al., 2005; Kuchibhotla et al., 2008; Meyer-Luehmann et al., 2008) , and electrophysiological data implicating plaque-dependent disruption of neural system integration (Stern et al., 2004) , we conclude that individual plaques serve as focal pathophysiological lesions with a wide ranging impact on nearby and distant neural systems. We postulate that numerous plaques thus impair neural system function by altering dendritic integration of information in a distributed fashion throughout the cortex, preventing the activation of otherwise intact neuronal structures. This construct may be the underlying basis of changes in neural system activation observed by fMRI studies of AD patients, and help explain the concordance between the pattern of altered activation in resting fMRI studies of AD patients and amyloid plaque deposition (Buckner et al., 2005; Buckner et al., 2009 ).
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. The BDNF treated cell shows enhanced fluorescence after 75 minutes in the cell body (arrow) and neurites (arrowhead) (h) in contrast to the untreated control cell (e). (f,i) Summary data for all untreated and BDNF treated cell bodies and neurites. The intensity remains unchanged in the control neurons and only changes in the stimulated neurons. Note that the intensity is significantly higher after only 30 minutes of BDNF stimulation in both the cell body (f) and neurites (i) and increases over time (*p<0.0001). (j) A schematic representation of the constructs used for this experiment. Scale bars, 15 µm (a-c) and 15 µm (d,e,g,h) . (a-f) Representative neurons from wildtype and transgenic mice that differ in their fluorescence intensity. Fluorescence intensity from transgenic neurons in the vicinity of plaques (a, shown in blue) was greatly overall reduced compared to wildtype neurons and remained unchanged after environmental stimulation (b,e). Interestingly fluorescence intensity from neurons greater than 100 µm away from plaques (c) was significantly higher than those from close to plaques and increased in the cell body (arrow) after environmental stimulation (d). Note that the intensity in the wildtype neurons started at an even higher level (e) and increased further after enriched environment (f) in the cell body (arrow) as well as in neurites (arrowhead). (g,h,i) Intensity measurements confirmed that transgenic neurons had significantly decreased intensity (*p<0.0001) and only wildtype neurons increased intensity in both cell bodies (*p<0.0001) (G) as well as in neurites (*p<0.0001) (h) after environmental enrichment. Scale bar, 20 µm (a-f). (a,b) A neuron and a schematic illustration of a neuron filled with Venus in the vicinity of a plaque (shown in blue). White and black boxes mark the segments where intensity was measured. Note the decreased intensity in the segment close to the plaque indicated by the arrow. (c) Dendritic segments farther from the plaque had a statistically significant higher intensity when compared to the dendritic segments nearest to the plaque in unstimulated as well as in stimulated neurons (*p<0.0001). Scale bar, 10 µm (a).
